The enhancement of N 2 (B 3 g ) and N Other channels that can also produce the emissions are investigated as well, but the common factor in all of them is the role played by the vibrationally excited N 2 (X,v) molecules in levels >35. During the relaxation process a pumping-up effect for the vibrational quanta at the higher vth levels occurs as a result of near-resonant V-V energy-exchange collisions, that produces a rise in the observed peaks for the N 2 electronic states in the flowing afterglow.
Introduction
The study of flowing N 2 microwave discharges is a pressing problem nowadays due to the large efficiency of these systems in producing N atoms for metallic nitriding by dissociation of nitrogen molecules [1] [2] [3] . The flow of neutral N atoms so obtained is used to nitride workpieces positioned downstream from the plasma where only electrically neutral species remain [4] [5] [6] . With this aim and in order to achieve a full characterization of both the early and remote afterglow regions, spectroscopic observations of the most intense bands of N 2 have been systematically carried out in recent years [2, [7] [8] [9] . In particular, it has been observed that flowing N 2 discharges produce the so-called pink afterglow, i.e. the emission bands of the first negative system of N 2 associated with the transition N In a previous paper [10] , we have shown that once the ground-ionic state N (1) and that the concentration of N + 2 (B) presents a maximum at t 10 −3 s (in pure N 2 and p = 2 Torr). This behaviour results from the fact that the vibrational distribution of N 2 (X 1 + g , v) molecules, in levels v 12, pass through a maximum during the relaxation process, due to an efficient pumpingup effect originated by vibration-vibration (V-V) energyexchange reactions: 
This effect in N 2 has been primarily pointed out by Capitelli and co-workers [11] and it is a consequence of the anharmonicity of the potential-energy curve of N 2 (X). Although in the early-afterglow N + 2 (B) ions may also be created by electron impact on N + 2 (X), the contribution of this latter mechanism is always vanishingly small compared with reaction (1) , even in discharge conditions [12] .
On the other hand, it is well known that the ground-ionic state N and N 2 (a 1 + u ) according to the following Penning ionization reactions [13] [14] [15] [16] : These mechanisms are dominant even in a low-pressure stationary N 2 discharge, in which ionization by electron impact also occurs [17] , either under the form of direct electron ionization on N 2 (X) or by electron stepwise ionization on N 2 (A) and N 2 (a ).
However, neither N 2 (A 3 + u ) nor the N 2 (a 1 − u ) states can be produced in the discharge and carried out to the postdischarge, since the emission bands of 1 − and 1 + systems increase in the afterglow after a dark zone positioned at the end of the discharge. This fact seems to indicate unambiguously that both metastables need to be created in the afterglow, producing the ionic species responsible for the emission bands of the 1 − system, as well as the N 2 (B 3 g ) and N 2 (C 3 u ) states responsible for the emissions of 1 + and 2 + systems of N 2 , respectively.
Here, in order to analyse the conditions for the enhancement of N , at higher vth levels, and longlived N( 4 S) atoms. The increase in the peaks associated with both emissions (1 − and 1 + systems) takes place due to the fact that during the relaxation process the near-resonant V-V energy-exchanges induce the quanta at the higher vth levels (the so-called V-V pumping-up effect) to climbing the vibrational ladder. These near-resonant V-V exchanges are far more effective in transfer vibrational quanta than the non-resonant V-V and vibration-translation (V-T) energyexchange collisions. However, the concentration of N( 4 S) atoms remains practically unchanged from the discharge to the post-discharge region, as a result of the large characteristic times for N( 4 S) losses on the wall and gas-phase (three-body) recombination. Nevertheless, an enhancement of [N( 4 S)] along the post-discharge may occur, due to a decrease in the gas temperature.
Kinetic model
The theoretical formulation used in this paper for a microwave discharge and its afterglow is close to that employed in [10] , with some exceptions that will be discussed in the text. With respect to the model for the discharge, we solve the stationary homogeneous electron Boltzmann equation for the microwave field, using the effective-field approximation [18] , coupled to a system of stationary rate-balance equations for the vibrational levels N 2 (X ions. The maintenance electric field is self-consistently determined by equalling, under steady-state conditions, the total rate of ionization with the rate of electron loss by ambipolar diffusion to the wall plus electron-ion recombination. The ionization processes included are direct and stepwise electron impact ionization, the latter under the form of collisions of electrons on the N 2 (A) and N 2 (a ) states, and reactions (3) and (4) for collisions between metastable states. The reader should refer to [10, 17] for details about our reference model as well as for the collisional data used in this paper. The present set of equations allows us to determine the electron energy distribution function (EEDF), the various energy-averaged quantities obtained from the EEDF, such as the electron rate coefficients for excitation, the vibrational distribution function (VDF) of N 2 (X,v) molecules, and the concentrations of various N 2 electronic states, N( 4 S) atoms, and different ionic species. The evolution of the concentrations in the post-discharge is analysed by considering the relaxation of the previous set of coupled kinetic master equations for the discharge, plus some specific reactions for the production of N 2 (A [2, 7, 8] . The present simulation is carried out neglecting processes resulting from electron impact in the afterglow. Although not absolutely vanishing, electron collisions cannot be responsible for the appearance of the observed maxima in the afterglow [19] , so that their neglect is absolutely justified within the purposes of the present study. 
This reaction is forbidden by spin conservation rules and its cross section should be small. This is in line with measurements realised in [20] for the rate coefficients for quenching the v = 0 and v = 1 levels of N 2 (A) by [12] , obtained from the data compilation [21] .
(ii) Creation of N 2 (B 3 g ) states in the post-discharge by collisions between two N 2 (X,v) molecules, in levels v 14:
This reaction is also forbidden by spin conservation rules, which is in agreement with the fact that the quenching of B 3 g leads to the formation of W 3 u and A 3 + u states only [22] . Here, in the absence of more reliable information, we have used for reaction (6) the rate coefficient reported in [12] , 10 −15 cm 3 s −1 , once again obtained from [21] . (iii) Creation of the singlet state N 2 (a 1 − u ) in the postdischarge by collisions between two N 2 (X,v) molecules, in levels v 16,
This mechanism has been primarily proposed in [15] , assuming the rate coefficient 2.5 × 10 −15 cm 3 s −1 , to reconcile model predictions with measurements of N 2 ionization rates. Rate coefficients of the same order have also been assumed in [12, 23] . 
In spite of this reaction being forbidden, once again by spin conservation rules, the rate coefficient for quenching of N 2 (A) by N atoms, that is for the reverse reaction (8) , has been measured in [24] with the value 5 × 10 −11 cm 3 s −1 .
The application of detailed balance to reaction (8) gives for the forward reaction, at resonant conditions, k f = 3 × k r = 1.5 × 10 −10 cm 3 s −1 [11] . However, more detailed studies on the reaction for quenching of N 2 (A) by N atoms have shown that N( 2 P) is the final product from this quenching and a rate coefficient equal to 4 × 10 −11 cm 3 s −1 [25] for the following reaction was determined: [10] , we will assume a upper limit for the rate coefficient of reaction (8) 
S). (10)
Owing to the same reasons as in the previous reaction leading to the formation of N 2 (A), the cross section of reaction (10) should be small. Here, due to a lack of data we will assume the value 10 −12 cm 3 s −1 for the upper limit of the rate coefficient of reaction (10) . It is worth noting that reaction (10) may be considered as a somewhat equivalent reverse reaction of (11) so that in the absence of more reliable information, the magnitude assumed in this paper for the rate coefficient of reaction (10) seems to be appropriate.
(vi) Finally, we will also consider the creation of the singlet state N 2 (a 1 − u ) in the post-discharge by collisions of N 2 (X,v) molecules, in levels v 38, with N( 4 S) atoms:
(12) This reaction is now allowed by spin conservation although it does not obey dipole selection rules. Nevertheless, there is some evidence that these rules do not apply to collisions [27] . Here, due to a lack of data we will assume the same rate coefficient, 10 −12 cm 3 s −1 , as in reaction (10) . We note that the existence of a similar reaction to the reverse reaction (12) , although involving collisions with N 2 (X,v = 0) molecules instead of N( 4 S) atoms, has been suggested in [27] , in order to account for a measured strong quenching of N 2 (a ) state by N 2 :
The processes listed here for the formation of N 2 electronic states in the afterglow are inserted into a complex kinetic model with a large number of other reactions [10] . With respect to the N 2 (A 3 + u ) and N 2 (B 3 g ) states, for example, they are strongly coupled to each other through the following reactions for the quenching of one species with formation of the other: and < 3 × 10 −11 cm 3 s −1 for reactions (14) and (15), respectively. The associated rates are by far dominant in comparison with the rates for any other process involving either N 2 (A) or N 2 (B), including the reactions discussed in this section for the formation of both states in the afterglow. Therefore, the combined effects of reactions (14) and (15) do not, in fact, constitute a populating/depopulating mechanism for N 2 (A) and N 2 (B), as they just redistribute a constant population among the triplet manifold [17] .
Results
The results of this paper have been obtained for the post-discharge of an N 2 microwave discharge at ω/(2π) = 433 MHz, in an R = 1.9 cm inner tube radius, at p = 2.56 Torr and 10 Torr, assuming a homogeneous electron density n e = 10 11 cm −3 and gas temperature T g = 1000 K, which correspond to typical experimental conditions in discharges of this type [2, [7] [8] [9] . In particular, the electron density may be varied by changing the microwave power injected into the discharge [10] . The probability for wall reassociation of N( 4 S) atoms in the discharge has been chosen to be γ = 5 × 10 −4 [28] . Under present conditions, we obtain for the maintenance of a reduced electric field E/N = 7.3 × 10 −16 V cm 2 and 5.2 × 10 −16 V cm 2 , for 2.56 Torr and 10 Torr, respectively, with N denoting the gas density, and T v = 11 300 K and 7600 K for the vibrational temperature of the lowest vth levels of the VDF, for the same two values of pressure. The kinetic model determines, among other parameters, the fractional concentrations of all species produced in the medium. For the relative atomic concentration, for example, we determine [N( 4 S)]/[N 2 ] = 2.0 × 10 −3 and 4.2 × 10 −4 at p = 2.56 Torr and 10 Torr, respectively. The evolution of the concentrations of the various species produced in the discharge is analysed in the post-discharge, by considering the relaxation of a set of coupled time-varying kinetic master equations, assuming the neglect of processes by electron impact and a constant gas temperature T g = 400 K (for which a probability γ = 3.2 × 10 −6 for wall reassociation of N( 4 S) atoms in the post-discharge has been assumed [29] ). Recent studies show that while neglecting electron collisions in the afterglow does not significantly affect the results of this paper [19] , the constancy of the gas temperature along the postdischarge and, in particular, the assumption of T g = 400 K at earlier moments of the afterglow [30] , should be considered as a suitable approximation made here with the purpose to separate the effects of the reactions that we want to study from the temperature effects. The variation of temperature in the post-discharge will be contemplated in a future publication. ( 25) and high ( 38) vth levels, respectively, with N( 4 S) atoms. In figure 1 we have considered the upper limit for the rate coefficient of reaction (8) (curve D). A comparison between figures 1 and 2 show that more pronounced maxima are obtained in the production of N 2 (a ) through reaction (12) , since in this latter case the vth levels participating in the process belong to the tail of the VDF, which is, in fact, the region of the VDF preferentially pumped by the non-resonant V-V energy exchanges. In order to illustrate this mechanism of distribution of vibrational quanta, figure 3 shows the VDF calculated in the same conditions as in curve A of figure 2, for the following times in the afterglow: (A) t = 0; (B) 10 −4 s; (C) 10 −3 s; (D) 10 −2 s; (E) 10 −1 s. The tail of the VDF passes through a maximum at t ∼ 10 −3 -10 −2 s due to the effect of near-resonant V-V energy exchanges. Owing to the anharmonicity of the potential-energy curve of N 2 (X), the energy difference between neighbouring vibrational levels is not the same everywhere. It decreases from the bottom to the top of the vibrational ladder. As a consequence of this, the V-V energy exchanges associated with reaction (2) are not exactly resonant and they present larger rate coefficients for the exchanges that lead to a gain of vibrational quanta for the highest levels and loss of quanta for the lowest ones. The reaction (v, w) → (v − 1, w + 1), with w > v, transfers energy from the vibrational to the translational mode, so that it presents a larger rate coefficient than the reverse process. The application of detailed balancing to reaction (2) allows us to write the following relation between the rate coefficients for direct and reverse V-V energy-exchange processes: Whereas the relative concentration of N 2 (X,v) molecules in levels v 38 pass through a pronounced maximum during the relaxation process at t ∼ 10 −3 -10 −2 s, figure 3 shows that this effect is considerably smaller at the levels v ∼ 25, which explains the appearance of only a smooth peak in figure 1 , for the production of N 2 (A) states through reaction (8) . Once both N 2 (A) and N 2 (a ) states have been created in the afterglow, the upper states associated with the emissions of 1 + and 1 − systems of N 2 are produced by the joint action of the interplay kinetics [10] . Figures 4-6 show the evolution of the relative concentration of N 2 (B 3 g ) state, responsible for the emission of system 1 + , when the model assumes the creation of N 2 (A), N 2 (B), and N 2 (a ) states in the afterglow through reactions (8), (10) , and (12). These three mechanisms involve collisions of N 2 (X,v) molecules in levels higher than 25, 31 and 38, respectively, with N( 4 S) atoms, so that the strongest maximum is obtained for the case of reaction (12) , since it preferentially depends on the tail of the VDF. In figure 4 , N 2 (B) is created from N 2 (A) by reaction (14) , while in figure 6 N 2 (B) is created from N 2 (a ) through the reaction
with the rate coefficient 1.9 × 10 −13 cm 3 s −1 [31, 32] . The same conclusion is valid for the 1 − system of N 2 . Figure 7 shows the evolution of the fractional concentration of the upper-ionic state N Our investigations clearly show that only reactions involving highly vibrational levels, of say >35, can produce the appearance of the emissions of the 1 + and 1 − systems of N 2 in a flowing post-discharge, in a zone localized downstream from the discharge after a dark space, as was experimentally observed in [7] [8] [9] . Figure 9 shows an example of such a situation for the 1 − system of N + 2 , measured in the shortlived afterglow of a flowing N 2 microwave discharge at p = 340 Pa, with a flow rate of 1.40 slpm (standard litre per minute), generated by two similar coaxial cavities at ω/(2π) = 433 MHz and 2.45 GHz [8] . The intensity profiles of the 1 − system show pronounced maxima for both frequencies. A comparison of the present theoretical predictions with the intensity profiles is not possible here because the electron density in the discharge was not determined in the experiment [8] , which means that the concentrations of the various species at the beginning of the afterglow are certainly not the same. However, figure 7 shows that at least a On the other hand, if the production of N 2 (A) and N 2 (B) states was assumed to be by reactions (8) and (10) only slight maxima would be obtained. It follows from the present discussion that the emissions cannot also be produced by collisions between two vibrationally excited N 2 (X,v) molecules at intermediate levels, as in the case of reactions (5)- (7), involving collisions between two molecules in levels v = 12-16. In this latter case, a continuous increase in N 2 (B) and N + 2 (B) concentrations is observed and no dark zone at the end of the discharge arises from the model. post-discharge of a flowing discharge at the higher pressure p = 10 Torr, assuming the creation of the singlet N 2 (a ) state in the afterglow via reaction (12), with a rate coefficient equal to 10 −12 cm 3 s −1 (curves A) and 10 −14 cm 3 s −1 (curves B). No significant differences are found between the results calculated at p = 10 Torr and 2.56 Torr, except for the times at which the maxima occur. The maxima occur slightly earlier at p = 10 Torr, which can be well interpreted by comparing the evolution of the VDF at both values of the pressure. The VDF for p = 2.56 Torr was shown in figure 3 , while in figure 12 we now show this distribution calculated for 10 Torr, at the same times as before. Both VDFs have been calculated assuming reaction (12) with a rate coefficient of 10 −12 cm 3 s −1 . Figure 12 shows that the VDF presents an overpopulated tail at t = 10 −3 s, whereas in figure 3 the maximum occurred in the middle of the time interval 10 −3 < t < 10 −2 s. The decrease in the time at which the maxima occur, as the pressure increases, essentially results from an enhancement of the frequencies for deactivation of the VDF by V-T exchanges associated with N 2 -N 2 collisions and also from an increase in the V-V rates. As a matter of fact, the tail of the VDF is mainly controlled by V-T deactivation in collisions with N( 4 S) atoms [10, 17] . However, the fractional concentration [N( 4 S)]/[N 2 ] decreases by about 4.7 as the pressure increases from 2.56 Torr to 10 Torr (see figure 13 ), which associated with the increase of 3.9 in the gas density, produces a decrease of ∼1.2 in the concentration of N( 4 S) atoms. The V-T rates of N 2 -N collisions are hence not responsible for the decrease in the time at which the maxima occur when p increases from 2.56 to 10 Torr. Figure 13 shows the evolution of the relative concentration of N( 4 S) atoms in a N 2 post-discharge calculated for p = 2.56 Torr (curve A) and 10 Torr (curve B), with all other conditions as before, and in a microwave discharge with ω/(2π) = 2.45 GHz, p = 2 Torr, R = 0.8 cm, n e = 5 × 10 11 cm −3 and T g = 1000 K (broken curve). In this latter case, of a microwave discharge with a smaller inner radius, the sustaining reduced electric field is larger E/N = 4.7×10 −15 V cm 2 (E e /N ∼ 1.4×10 −15 V cm 2 for the effective reduced electric field [18] ), which, associated with a higher electron density of 5 × 10 11 cm −3 , produces a fractional concentration of N( 4 S) atoms of ∼15%. We note that such a value is one order of magnitude larger than the experimental values measured in [33] at ω/(2π) = 2.45 GHz, which can be explained by a small frequency for wall reassociation of N( 4 S) atoms used in this paper, ν w = γ v /2R (with γ and v denoting the wall probability for reassociation and the average velocity of N atoms). In the conditions of the broken curve of figure 13 we have ∅ = 16 mm, while in [33] the tube diameter is ∅ = 4.5 mm. If further differences remain they may be justified by a lower pressure (i.e. at higher sustaining reduced electric field) and higher electron density in the conditions of this paper. −2 s, at which time it starts to decrease as a result of reassociation on the wall and to a lesser extent three-body recombination [34] . However, if we consider the situation essentially treated in this paper of a discharge at 433 MHz, with n e = 10 11 cm −3 and R = 1.9 cm (full curves), an increase is observed in [N( 4 S)]/[N 2 ] at t ∼ 5 × 10 −4 s for p = 10 Torr (curve B) and at t ∼ 2 × 10 −3 s for p = 2.56 Torr (curve A). To our knowledge this additional dissociation in the post-discharge has not yet been experimentally confirmed. However, it clearly arises from the model as a result of a vibrational mechanism, in which a N 2 (X,v) molecule in the last bound level v = 45 is promoted to the continuum by V-V and V-T energy exchanges where it is assumed that the molecule dissociates [35] . The different behaviours found here can be explained by the appearance of an overpopulated tail for the VDF during the relaxation process, in the post-discharge of the discharge with 433 MHz. In contrast, in the post-discharge of the discharge at 2.45 GHz, the relatively high concentration of N( 4 S) atoms (∼15%) produces a stronger vibrational deactivation of the VDF by V-T processes associated with ions occurs by free diffusion only [10] , which has been revealed to be an inadequate assumption. Both the rate coefficient of reaction (17) 
Conclusions
In this paper, we have shown that the emission bands of This study shows that only processes involving highly excited levels, as high as v ∼ 35, can be responsible for the appearance of optical emissions in the afterglow, in a localized region downstream from the discharge after a dark zone. Here, we show that a favourable mechanism for the production of a strong and narrow maximum in the afterglow consists in the formation of the singlet state N 2 (a 1 − u ) by collisions between N 2 (X,v 38) molecules and N( 4 S) atoms. On the other hand, a similar reaction for production of N 2 (A 3 + u ) allows us to obtain only a broader peak, since this latter process involves lower vth levels. Nevertheless, we cannot conclude from this paper that the enhancement of the optical emissions in the afterglow occurs exclusively via the N 2 (a ) state. Other mechanisms involving highly vibrational levels of N 2 (X,v) leading, for example, to N 2 (A) formation can also exist, such as in the case of reaction In reaction (19), a narrow peak for [N 2 (A)] would also be created in the afterglow. In conclusion, various mechanisms are probable and owing to a lack of data we cannot distinguish in particular any of them. The only point that we would like to stress here is the need for highly excited levels to be involved. The uncertainty is extended to the nature of the second partner involved in the collisions, since it may be either an N( in order to obtain maxima of the same magnitude as those for reactions with N( 4 S) atoms. Finally, the major weakness of the present paper is the assumption of a sharp cut-off in the gas temperature at the end of the discharge from T g = 1000 K to 400 K. This is indeed an approximation made here with the purpose to distinguish the effects produced by the reactions that we want to study from the temperature effects. However, we note that T g rapidly decreases in the short-lived afterglow [8, 30] , so that at the point where the maxima for the emissions exist, the measured temperature is not very distant from the T g = 400 K assumed here. Future work should mainly concentrate on this point in order to improve the accuracy of the model. Nevertheless, the description already seems satisfactory, on physical grounds, as it stands now.
